antigens were used to analyze 3,788 Campylobacter sp. isolates. A significant percentage (36.6%) was untypeable using LEP serotyping; greater cross-reaction was also observed. The relative discrimination capabilities of the techniques were similar. Penner serotyping fulfils more of the requisite criteria for typing methods.
considered to be a positive result. All suspensions giving positive results were titrated against doubling dilutions of the antiserum or antisera with which they reacted.
Antisera for the Penner scheme were prepared by the Scottish Antibody Production Unit, Law Hospital, Carluke, United Kingdom, according to the standard immunization protocol (14) . Formalin-killed (3% [vol/vol] ) bacterial suspensions were used as inocula. In previous pilot studies, no difference in specificity or sensitivity was detectable between antisera prepared from live antigens and those prepared from killed antigens (data not shown).
LEP serotyping. Serotyping was performed using a panel of 62 antisera (30 of 62 were absorbed to prevent cross-reactions) to screen bacterial suspensions prepared according to a previously described method (4) . Briefly, boiled bacterial suspensions were agglutinated directly with 62 antisera at 50°C for 2.5 h. When agglutination occurred with more than one antiserum, the reacting antisera were titrated against the bacterial strain; titers of Ͼ40 were considered to be positive. All antisera for the LEP serotyping scheme were prepared by the Central Public Health Laboratory, London, United Kingdom.
Each isolate was analyzed by the two methods in turn. Any isolate found to be untypeable by either method was subjected to at least two further repeat analyses in order to maximize typeability. Serotypes were termed concordant when the same serotype was observed for the same isolate under the Penner scheme and the LEP scheme; they were termed divergent when the serotypes observed under the two schemes differed.
RESULTS
A total of 3,788 isolates of Campylobacter spp. were analyzed in this study: C. jejuni, 3,633 (95.9%) isolates, and C. coli, 155 (4.1%) isolates. All had been isolated from human clinical specimens.
More than one-third (36.6%) of isolates were untypeable using the LEP method. In contrast, only 8.2% of isolates were untypeable by the Penner method, a 4.5-fold difference. A small percentage (3.4%) was untypeable by both methods. The percentages of untypeable isolates for each of the most common Penner and LEP serotypes are given in Tables 2 and 3 .
The Scottish Reference Laboratory has previously reported that certain Penner serotypes are predominant among the 66 serotypes possible, routinely comprising a significant proportion of all Scottish isolates (17) . The distribution of common serotypes in terms of predominance and frequency of isolation remains mostly unchanged.
In this study, similar common serotypes were identified (Table 1). LEP serotyping analyses of the same isolates also identified an unequal distribution, with certain serotypes being more common than others (Table 1) . Summation of the percentages of isolates comprising the 10 most common serotypes for each method with the percentage untypeable by each method left remainders of 16.9% of total isolates and 22.5% of total isolates for Penner and LEP serotyping, respectively. These less common serotypes each comprised Ͻ1.0% of total isolates (Penner scheme) or Ͻ2.0% of total isolates (LEP scheme).
In some instances, the nomenclature devised for LEP serotyping results is not directly comparable with that for Penner serotyping on the basis that certain LEP antisera were found to be indistinguishable using direct agglutination and so have been excluded from the scheme (4 Table 2 ). Because of the demonstrably greater typeability of the Penner method, it was possible to obtain results for more isolates with this method than with the LEP method, 2,817 and 1,548, respectively (Tables 2 and 3) .
Calculation of Simpson's index of diversity, a measure of the discriminatory ability of typing systems (7), using the data from Tables 2 and 3 demonstrated that Penner serotyping has an index of 0.830 whereas LEP serotyping has an index of 0.846. Therefore, there is only a marginal difference in their respective discriminatory abilities.
Cross-reactions between LEP and Penner serotypes have been reported previously (4) . The number of isolates within the group representing the 10 most common LEP serotypes (n ϭ 1,548) which showed recognized cross-reactions with Penner serotypes was determined, and the average percentage of cross-reaction was calculated (Table 4) . Cross-reactions were observed for isolates representing seven LEP serotypes (n ϭ 1,104). Overall, the percentage of cross-reaction observed for these isolates was 16.4%. Other previously undescribed crossreactions with Penner serotypes were also noted (data not shown).
Within the LEP scheme, cross-reactions also occurred (Table 5). The most commonly seen cross-reaction was between LEP serotypes 16 and 50, with 52.3% of serotype 16 isolates demonstrating a cross-reaction with antiserum 50. Overall, the average percentage of cross-reaction observed was 14.3% (range, 0.4 to 55.8%).
Cross-reactions among Penner serotypes were examined for the isolates representing the 10 most common Penner serotypes (n ϭ 2,817) ( Table 6 ). Isolates representing nine of the (Table 2) . Conversely, 58.6% of LEP serotype 11 isolates were also Penner serotype 11 (Table 3) . Similarly, 75.0% LEP of serotype 2 isolates were typed as Penner serotype 2 (Table 3) although only 11.2% of Penner serotype 2 isolates were also LEP serotype 2 ( Table 2) .
DISCUSSION
This study was undertaken to compare the typing abilities of two methods for serotyping Campylobacter spp., Penner and LEP serotyping. For a period of 1 year, all human clinical isolates of C. jejuni and C. coli received by the Scottish Reference Laboratory were analyzed by both methods using standard protocols and reagents.
A significant percentage (36.6%) of isolates tested were untypeable using the LEP method; this observation is comparable with the results of another study, where 29.0% C. jejuni isolates were untypeable by this method (3).
LEP serotyping was originally devised to correct perceived limitations in the Penner serotyping method by using direct bacterial cell agglutination rather than passive hemagglutination as the detection step and by using absorbed rather than unabsorbed antisera (4) . In this study, no detrimental effects associated with the use of erythrocytes were noted: positive results with Penner serotyping were easier to read. The same type and quality of sheep erythrocyte, provided by the same supplier, was used throughout, and fresh suspensions were made daily. Despite strict adherence to the standard protocol, positive results in the LEP scheme were comparatively difficult to read, true agglutination reactions having to be differentiated from nonspecific reactions.
LEP antisera undergo an absorption process specifically to obviate potential cross-reactions. The results presented here indicate that a significant level of nonspecific reaction is still evident despite these precautions. In particular, the majority of serotype 16 isolates also reacted with antiserum 50, a recognized cross-reaction in the Penner scheme that the LEP absorption protocol had been devised to prevent. Generally, the Penner method, using unabsorbed antisera, exhibited a smaller percentage of cross-reactions, facilitating the interpretation of results. Cross-reactions between LEP and Penner serotypes had been reported previously (4) . In this study, other crossreactions were also observed.
The Penner method was less labor-intensive and technically easier to perform than the LEP method. The majority of Penner analyses could be completed within 1 working day from obtaining a pure culture. In contrast, completion of LEP analyses routinely took several days, as repeated subculture was often required to obtain sufficient bacterial growth for testing. The unit cost of LEP serotyping, including labor and interpretative costs, was routinely threefold greater than that of Penner serotyping. Increased cost combined with relatively poor typeability and longer sample turnaround time would preclude general application of LEP serotyping in a laboratory screening many isolates daily.
A comparison of Simpson's indices of diversity for the two methods shows that the LEP method is marginally more discriminatory than Penner serotyping in that it generates a greater number of types. The greater incidence of untypeable isolates with the LEP method, however, severalfold greater than with the Penner method, means that a comparatively smaller group of isolates will be subdivided into smaller groups still, making association of epidemiologically linked isolates more difficult. This situation is analogous to serotyping of Salmonella spp. for which more than 2,000 serotypes are recognized, although most are rarely connected with human disease (18) .
Because of the reported greater plasticity of the Campylobacter sp. genome compared with that of other enteric pathogens (5), significant phenotypic and genotypic variation is observed within Campylobacter sp. populations worldwide. Splitting clinical isolates into small groups against a background of considerable genetic variation will not prove useful epidemiologically.
During 1999, there were 5,954 laboratory reports of Campylobacter sp. infections in Scotland. The majority of Scottish isolates (82.3%, from 1 April 1998 to 31 March 1999) were submitted to the Reference Laboratory for typing. A hierarchical approach applying several typing methods in succession is required in order to type large groups of disparate isolates definitively. The Reference Laboratory rationale had been to use biotyping for identification to the species level, Penner serotyping for identification to the subspecies level, and molecular methods, e.g., pulsed-field gel electrophoresis and restriction fragment length polymorphisms of the flagellin gene for strain definition. Outbreaks of human disease have been investigated successfully by the Scottish Reference Laboratory using this rationale (6) . The advantages of this approach are that large numbers of disparate isolates can be screened and subdivided rapidly and accurately within 1 working day (Penner serotyping) prior to any requisite characterization of individual isolates (pulsed-field gel electrophoresis and fragment length polymorphisms of the flagellin gene). The LEP method is not readily assimilated into this hierarchy because of its requirement for protracted incubation of cultures and its relatively decreased typeability.
Many methods have been proposed for characterization and typing of Campylobacter spp. (10) . Currently, no single ideal method which fulfils the desired criteria for any typing scheme, i.e., discrimination, typeability, reproducibility, and repeatabil- (6) . The 10 most common serotypes identified in the LEP scheme represented 40.9% of all isolates in this study compared with 57.0% previously reported (3). In the two studies, LEP HS 50 was the most common: 12.3 and 17.8%, respectively. In the latter study, the combination of LEP serotyping with bacteriophage typing enabled identification of eight specific subtypes detected throughout a 2-year period.
Prior to this study, no systematic comparison had been made between the Penner and the LEP serotyping schemes. CE15, 1999) analyzed 450 randomly selected clinical isolates using LEP and Penner serotyping. A high degree of concordance between the two methods was seen with serotypes 6, 19, and 11. In the present study, broadly similar observations were made for serotype 11 only. LEP serotype 19 was not detected as one of the most common LEP serotypes, and the results for serotype 6 concurred for neither scheme. Other serotypes did share some commonality: the majority of LEP serotype 2 isolates were also typed as Penner serotype 2. Overall, more divergent results than concurrent results were evident.
Campylobacter sp. serotyping methods were previously thought to be based on detection of variation in the lipopolysaccharide or lipooligosaccharide structures of the bacterial surface (9, 14) . After this study was completed, it was demonstrated that the previously described O antigen of C. jejuni is a capsular polysaccharide, a common component of the HS antigen used for serotyping (8) .
Currently, LEP serotyping offers no significant advantages over Penner serotyping for routine screening of diverse clinical isolates. LEP serotyping, however, does have several distinct disadvantages compared with Penner serotyping, principally in regard to typeability, applicability, and cost.
